ABSTRACT: In East Africa, significant morbidity and mortality are caused by infections spread by Culex quinquefasciatus and Aedes aegypti. Sticky traps have been shown to be effective tools for sampling populations of Aedes mosquitoes and have been found to catch Cx. quinquefasciatus. Thus, they could potentially be used to sample populations of this species. This study compared Sticky ovitraps (SO) and MosquiTraps (MQT) with the CDC Gravid trap (CDC-GT) for collection of Culex and Aedes mosquito populations in Tanzania. A follow-up experiment was carried out using traps set for a 24-h period to accommodate the oviposition habits of Aedes aegypti and Ae. simpsoni s.l. mosquitoes. The results showed that the CDC-GT caught significantly more Cx. quinquefasciatus and Ae. aegypti than the SO or MQT, but there was no significant difference in the number of mosquitoes caught between the two sticky traps or of Ae. simpsoni s.l. caught among the three trap types. The results suggest that CDC-GTs are the most appropriate in sampling of Cx. quinquefasciatus. Although CDC-GTs collected more Ae. aegypti than the sticky traps, the simplicity and cost benefit of sticky traps facilitates large scale studies. All three trap types should be considered for monitoring Aedes mosquitoes. Journal of Vector Ecology 41 (2): 265-270. 2016.
INTRODUCTION
East Africa is affected by several mosquito-borne diseases in addition to malaria. Over 1.3 billion people in the tropics and subtropics are at risk of lymphatic filariasis. In East Africa the causative agent is the filarial worm Wuchereria bancrofti, and the primary vectors are Anopheles gambiae s.l., Anopheles funestus s.l., and Culex quinquefasciatus (Bockarie et al. 2009 ). Recent studies have indicated that the arboviruses chikungunya and dengue, both of which are primarily spread by the mosquito Aedes aegypti in East Africa, are more widespread than was previously reported (Hertz et al. 2012) .
Gravid traps are useful tools in entomological surveillance, as they target gravid mosquitoes, which have already blood-fed and thus will have had an opportunity to acquire the parasite from an infective individual. CDC gravid traps (CDC-GTs) have been shown to be effective in collecting large numbers of Cx. quinquefasciatus (Reiter et al. 1986 ). Sticky gravid traps are a cost effective and electricityfree alternative to the CDC-GT. At present, sticky traps are more widely used in the collection of gravid Aedes than Culex mosquitoes. Ritchie et al. (2003) designed a sticky ovitrap (SO) as an alternative to ovitraps which collect eggs but provide only inferential information about adult mosquito population numbers and require rearing for identification purposes.
Another variation on the sticky trap was developed by Eiras and Resende (2009) , known as the MosquiTrap (MQT), which uses a synthetic oviposition attractant AtrAedes (Eiras and Santanna 2001) , developed from Panicum maximum grass infusions, in place of grass infusion to specifically attract gravid Ae. aegypti for dengue surveillance programs (Favaro et al. 2006) . It has been incorporated into the Intelligent Dengue Monitoring System (MI-Dengue) in Brazil, an Ae. aegypti monitoring program in which MQT catches are collated with field data on transmission and geosatellite maps to identify key areas of transmission and help organize control efforts in real time (Eiras and Resende 2009) . The SO and the MQT have been effectively used to sample Ae. aegypti populations for dengue surveillance in Australia and Brazil, respectively (Ritchie et al. 2003, Eiras and Resende 2009) . While both traps have been reported as catching Culex species, especially Cx. quinquefasciatus (Favaro et al. 2006 , Ritchie et al. 2004 , they have never been evaluated as tools for Culex trapping and surveillance, nor have their abilities to capture Aedes species been evaluated in an East African setting. Therefore, a field study was carried out to compare the SO and the MQT in their abilities to trap Cx. quinquefasciatus in northeastern Tanzania by comparing them with the CDC-GT in overnight catches. As Aedes mosquitoes were also caught in the first experiment, a followup experiment was carried out to compare the ability of the three traps to catch Aedes mosquitoes in 24-h catches.
MATERIALS AND METHODS

Field sites
The experiments were carried out at Muheza, a town in northeast Tanzania. Traps were set at the Ubwari Field Station, the Ministry of Health and Social Welfare Vector Control Training Centre, and Teule Hospital. All three sites are composed of cement buildings surrounded by grass lawns interspersed with bushes and trees. Global Positioning System (GPS) coordinates were collected to ensure that none of the trap sites was within 50 m of another trap site. The locations were selected to be broadly similar, being sheltered by vegetation and close to buildings.
Gravid traps
The CDC-GT (John W. Hock Co., Gainesville, FL, U.S.A.) consisted of an 8 liter black pan containing 4 liters of grass infusion as an oviposition attractant and a battery powered fan over the surface leading to a net bag. The mosquitoes fly to the water surface before oviposition and are sucked up into a collection bag by the fan connected to a 6 V battery (Reiter 1983) . The MosquiTrap TM (Version 3.0, Ecovec S.A., Belo Horizonte, Brazil) consisted of a 3 liter black matte container assembled from two parts. The bottom half of the trap was filled with 350 ml of water and a removable sticky card inside, and the top half was a funnel leading down to the entrance of the trap (Eiras and Resende 2009) . The SO consisted of a 1.2 liter black plastic bucket (for these experiments the lower half of the MQT was used). Two strips of plastic acetate (5 x 15 cm) were covered with polybutylene adhesive extracted from a rat board (Procter Brothers Ltd., Caerphilly, UK) and attached to the inside rim of the bucket. The mosquitoes were trapped on the adhesive when they landed to lay their eggs (Ritchie et al. 2003) .
Attractants
Grass infusion was prepared by mixing 25 liters of water and 250 g of grass and leaving this infusion to ferment for two days in a covered container. Four liters were used in each CDC-GT and 500 ml were used in each SO. For the MQT, 350 ml of tap water were used in the trap, and the AtrAedes lure was stuck onto the sticky card.
Overnight collections
In the first experiment, the traps were compared in their ability to catch Cx. quinquefasciatus. Five traps of each of the three trap types were set each night, over 15 nights in order to have a complete 15 x 15 Latin square design (each individual trap spent one night in each of the 15 trap sites), resulting in 75 trap nights in total per each trap type.
Culex quinquefasciatus oviposition does not commence until around 18:00, reaching a peak at around 21:00-24:00, but may continue until around midday in the morning (Suleman and Shirin 1981) . For this reason, in the initial experiment the traps were set up between 14:00 and 17:00 each afternoon and collected between 08:00 and 10:00 the next morning.
24-h collections
Aedes aegypti and Ae. simpsoni s.l. were more likely to be trapped during the daylight hours than were Cx. quinquefasciatus (Chadee and Corbet 1987, Corbet 1963) , so a second experiment was designed using 24-h trapping periods in order to better compare the ability of the traps to catch these mosquitoes. Six traps were used each night (two traps of each of the three trap types) and the position of each trap was determined using a Latin Square design (each individual trap spent one night in each of the six trap sites), which was repeated twice during the 12 days, resulting in 24 trap days per trap type.
On the first day, the traps were set between 11:30 and 12:30. At this time on each of the following 12 days, the traps were briefly returned to the laboratory, mosquitoes were removed and the traps set up in their new locations. The traps were always returned to the field within 30 min of their collection.
Identification of mosquitoes
The mosquitoes were identified using identification keys (Edwards 1941 , Jupp 1996 . The mosquitoes' physiological status (unfed, blood-fed, semi-gravid, gravid) was determined by microscopic examination. As blood meals of Aedes mosquitoes were sometimes difficult to see during standard examination, all Aedes mosquitoes collected in the second experiment were dissected to determine their physiological state. As CDC gravid traps can damage mosquitoes, the parts of mosquitoes were counted, but the analysis was only conducted on intact mosquitoes. If mosquitoes could not be processed on the day of collection, they were put into Petri dishes and stored at -20° C until they were identified.
Statistical analysis
All data were collected by hand and entered into a spreadsheet. Stata/IC 11.22 for Windows (StataCorp LP, College Station, TX, U.S.A., 2009) was used for statistical analysis. As the data were not normalized using a log transformation, negative binomial regression was used to compare the means from the three trap types in terms of total number of mosquitoes caught, number of gravid mosquitoes, and numbers of Cx. quinquefasciatus and Aedes species caught. Variables were tested in univariable models, and only variables significant at the 10% level (p<0.10), when using Wald Tests, were retained. Multivariable models included all variables significant at the 5% level (p<0.05).
RESULTS
Overnight collections
A total of 20,120 intact female Cx. quinquefasciatus was collected during the field trial. The CDC-GT caught significantly more Cx. quinquefasciatus than the SO and the MQT (p<0.001) (Table 1) . However, there was no significant difference between the number of Cx. quinquefasciatus females (p=0.68) or gravid females (p=0.45) in the SOs and MQTs. The Wald tests indicated that there was a significant relationship between trap type, the trapping day and the trap location, and the mean size of the catch.
In addition to Cx. quinquefasciatus, all three traps collected female Ae. aegypti. The number of total female and gravid Ae. aegypti caught daily by the CDC-GT were both significantly larger (p<0.001) than the SO and MQT catches. The multivariable model revealed no significant difference between the number of female (p=0.77) or gravid Ae. aegypti (p=0.38) for SOs and MQTs. In this case, only trap type had a significant relationship with the size of the mean Ae. aegypti catch, although the influence of the trap type on the model was lower than it was for mean Cx. quinquefasciatus.
There was no significant difference between the numbers of female Ae. simpsoni s.l. caught in CDC-GTs and SOs (p=0.18) or MQTs (p=0.68). However, a significant difference was observed between CDC-GTs and SOs (p=0.04) for gravid females, but not between CDC-GTs and MQTs (p=0.23). Trap type was found to have a significant relationship with the size of the mean daily catch but not trap day or location, and the effect was again smaller than the effect of trap type on Cx. quinquefasciatus catch.
24-h collections
As considerable numbers of Aedes mosquitoes were captured regularly by all three traps in the first experiment, the experiment was repeated using 24-h catches. Over the course of the experiment, a total of 124 female Ae. aegypti were collected. The CDC-GT caught a significantly higher number of female Ae. aegypti than the SO and the MQT (p<0.001). There was no significant difference between the sticky trap catches (p=0.31). The numbers of female Ae. simpsoni s.l. caught were very low (only 17 females). Of the mosquitoes collected, 13 were collected in the CDC-GT, three in the MQT, and only one in the SO.
Other insects
Other species of mosquitoes were frequently caught only by the CDC-GTs, but only rarely in the sticky traps (Table  2) . Among them, Cx. cinereus was the most abundant species caught. A range of other insect species such as Psychodidae and Sphaeroceridae were caught by all three trap types, but these were not statistically analyzed in this study.
DISCUSSION
The collection of large numbers of vector mosquitoes is an important feature for a trap used in monitoring of Wuchereria bancrofti in Cx. quinquefasciatus (xenomonitoring). For this reason, several researchers have suggested that gravid traps could be useful in xenomonitoring programs (Farid et al. 2007 , Pedersen et al. 2009 Table 1 . Arithmetic mean (and standard deviation) number of mosquitoes caught in three gravid traps in overnight catches (n=75) in Muheza, Tanzania.
particularly as rapid diagnostic tests can continue to test positive even after the filarial worms have been cleared . In the present study, the CDC-GTs were significantly more effective in the collection of Cx. quinquefasciatus than the SO and the MQT. These numbers were comparable to other studies collecting Cx. quinquefasciatus in Tanzania (Irish et al. 2013) and Kenya (Muturi et al. 2007) . Potential reasons for the larger catches in the CDC-GTs include the larger quantity of grass infusion, the fan acting as an odor disperser, and the ability of the suction to collect mosquitoes flying near the trap. Braks and Cardé (2007) observed in their experiments on other sticky gravid traps for Cx. quinquefasciatus that while the traps performed well in the laboratory, they proved less effective in the field trials compared with fan-operated gravid traps (Box and CDC gravid traps). They theorized that this could be due to fumes from the glue mingling with the odors from the oviposition medium making them less attractive to the mosquitoes, or that mosquitoes have a higher probability of being caught by a trap which sucks them in by a fan before landing than one which is only able to catch them once they have landed. It is conceivable that these factors are partly responsible for the relatively low catches of the MQT and SO in comparison to the CDC-GT. However, the CDC-GT requires electrical power (battery or electricity) to run the electrical fan and the trap is inspected daily (12 or 24 h). The sticky traps are passive traps, they do not need electricity and are less labor intensive (although removal of intact mosquitoes can be difficult), being usually monitored after three to five days (Ritchie et al. 2004 , Favaro et al. 2006 or ideally on a weekly basis to reduce labor for the field workers (Eiras and Resende 2009) . In situations where fewer numbers of mosquitoes are required and resources and electricity supplies may be a constraint, these factors can make the sticky traps attractive alternatives.
Lymphatic filariasis transmission by Cx. quinquefasciatus in Tanzania is highest during and shortly after the rainy seasons, November and December and March, April, and May (Simonsen et al. 2010 ). This study was carried out around the end of the rainy season to ensure that it coincided with the period when Cx. quinquefasciatus would be most active. Aedes aegypti were collected in all three traps during overnight collections. For the second experiment, 24-h collections to accommodate the diurnally active Ae. aegypti demonstrated that the CDC-GT collected about three times the number of Ae. aegypti than the other two sticky traps (Figure 1) . However, the results of this study suggest that if sticky traps were placed in the field for a week, they would be likely to (Khin and Than 1983) , lack of a vaccine (Whitehead et al. 2007) , and the four serotypes of the virus (Gubler 1998 Ritchie et al. 2004) . Recently, a novel system of vector surveillance and control using MQT was implemented during 2009-2011 in 21 cities in Minas Gerais, Brazil. The sticky traps were placed in entire cities at fine scale (300 m distance) and automated data were sent to a web-based database. The results demonstrated that vector control based on high abundance gravid mosquito reduced dengue cases and reduced the direct and indirect costs (Pepin et al. 2013) In our study, the MQT and the SO were not significantly different in terms of the numbers of female Ae. aegypti collected. Aedes simpsoni s.l. has not been demonstrated to be important as a vector of chikungunya (Paupy et al. 2012 , Paupy et al. 2010 , Sang et al. 2008 or dengue (Jupp and Kemp 1993) by collection of wild mosquitoes or laboratory tests. It has, however, been implicated as a vector of yellow fever (Mahaffy 1949) . The Aedes simpsoni complex is composed of three species: simpsoni, lilii, and bromeliae (Huang 1979) . According to distribution maps (Huang 1986) , it seems most likely that Ae. bromeliae was the species trapped in these experiments, though further morphological or molecular work would be needed to confirm this identification. Aedes bromeliae is anthropophilic and is the primary vector of yellow fever in East Africa (Mukwaya et al. 2000) . The mean catches of female Ae. simpsoni s.l. mosquitoes were low for all three traps in both experiments. However, an average of 0.33 Ae. simpsoni per day for the MQTs in the first experiment was similar to the Ae. aegypti catches, and so the sticky traps may have potential for use in monitoring Ae. simpsoni s.l. populations, particularly in the case of a yellow fever outbreak.
In conclusion, neither the MQTs nor the SOs were an effective collection method for Cx. quinquefasciatus in the present study. Although the CDC-GTs collected more Ae. aegypti than the two sticky traps, due to the practicalities of the CDC-GT, the MQT, and the SO, all three traps should be considered for collection of Ae. aegypti and Ae. simpsoni.
